The heat-shock protein Hsp104 plays a crucial role in the survival of cells exposed to high temperatures and other severe stresses, but its specific functions and the biological pathways on which it operates have been unclear. Indeed, very little is known about the specific cellular processes in which any of the heat-shock proteins acts to affect thermotolerance. One essential process that is particularly sensitive to heat in many organisms is the splicing of intervening sequences from mRNA precursors. Results: We have examined the role of Hsp104 in the repair of splicing after disruption by heat shock. When splicing in the budding yeast Saccharomyces cerevisiae was disrupted by a brief heat shock, it recovered much more rapidly in wild-type strains than in strains containing hsp104 mutations. Constitutive expression of Hspl04 promoted the recovery of heat-damaged splicing in the absence of other protein synthesis, but did not protect splicing from the initial disruption, suggesting that Hsp104 functions to repair splicing after heat damage rather than to prevent the initial damage. A modest reduction in the recovery of splicing after heat shock in an hsp70 mutant suggested that Hsp70 may also function in the repair of splicing. The roles of Hsp104 and Hsp70 were confirmed by the ability of the purified proteins to restore splicing in extracts that had been heat-inactivated in vitro. Together, these two proteins were able to restore splicing to a greater degree than could be accomplished by an optimal concentration of either protein alone. Conclusions: Our findings provide the first demonstration of the roles of heat-shock proteins in a biological process that is known to be particularly sensitive to heat in vivo. The results support previous genetic arguments that the Hsp104 and Hsp70 proteins have different, but related, functions in protecting cells from the toxic effects of high temperatures. Because Hsp104 and Hsp70 are able to function in vitro, after the heat-damaged substrate or substrates have been generated, neither protein is required to bind to its target(s) during heating in order to effect repair.
Background
In reaction to moderate environmental stresses, all organisms initiate a protective response that provides them with tolerance to more extreme conditions. The induction of heat-shock proteins is a key element of this response. Recent work has provided an explosion of information on the biochemical functions of heat-shock proteins and related proteins when they are expressed at normal temperatures. There is now, however, a critical gap in our understanding of both the biological processes that are most sensitive to heat in living cells, and the roles that heat-shock proteins play in protecting against, and repairing, damage to these processes. Here, we investigate the role of two heat-shock proteins, Hsp104 and Hsp70, in a vital cellular process that is known to be extremely sensitive to high temperatures -the splicing of intervening sequences from mRNA precursors.
The splicing of mRNA precursors is disrupted by high temperatures in many organisms, such as budding yeast [1] , fruit flies [2] , human cells [3] and trypanosomes [4] . Temperatures that disrupt splicing allow transcription to continue, resulting in the accumulation of mRNA precursors. In at least some organisms, translation also continues at these temperatures, increasing the detrimental effects of the splicing block. Thus, not only is the maturation of essential mRNAs disrupted, but unspliced precursors can be transported into the cytoplasm and translated into aberrant proteins [5] . It is therefore of vital importance that cells protect mRNA splicing from errors, and repair it rapidly once it has been disrupted. Heat-shock proteins, which are rapidly induced at high temperatures, are likely to function in this process because mild heat pretreatments are able to protect splicing from subsequent disruption. The disruption of splicing does not generally inhibit the accumulation of heat-shock proteins, because most HSP genes do not have-intervening sequences [6] .
The budding yeast Saccharomyces cerevisiae is an ideal organism in which to study the role of heat-shock proteins in splicing, because mutations are available in many of the heat-shock genes, and the effects of these mutations on thermotolerance -the ability to recover growth after a short period at an extreme temperature -have already been characterized. Hsp104, in particular, plays a central role in yeast thermotolerance [7] . Cells carrying hsp 104 mutations grow as well as wild-type cells at low and high temperatures, but at extreme temperatures (that Hspl04 and Hsp70 reactivate mRNA splicing Vogel et al. is, 50 C), hsp104 cells die at 100-1 000 times the rate of wild-type cells. Mutations in HSP26, HSP90 (HSP82 and HSC82), or the heat-inducible HSP70 (SSA1, SSA3 and SSA4) genes have little effect on thermotolerance, although the hsp90 and hsp70 mutations strongly reduce growth rates at moderately high temperatures [8] [9] [10] . The lack of a thermotolerance phenotype in S. cerevisiae hsp70 mutants is surprising, because Hsp70 appears to play a major role in thermotolerance in other organisms [11] [12] [13] .
Although the different phenotypes of hsp70 and hsp104 mutants indicate a difference in function, the phenotypes caused by multiple mutations suggest a close relationship [9] . For example, in the hsp 104 mutant background, reducing Hsp70 expression decreases residual thermotolerance, and increasing Hsp70 expression increases thermotolerance. Moreover, in cells with reduced constitutive Hsp70 expression (the ssa 1 ssa2 mutant background), HsplO4 is strongly induced, and this induction is required for rapid growth [9] . Thus, Hsp70 can partially compensate for HsplO4 in thermotolerance, and Hsp104 can partially compensate for Hsp70 in growth.
To investigate the role of heat-shock proteins in ameliorating the toxic effects of heat on mRNA splicing, we examined mRNA splicing in hsp mutant cells. Careful analysis of cells carrying mutations in HSP26, HSC82 and HSP82 revealed no defects in mRNA splicing, neither in its sensitivity to disruption by heat, nor in its capacity to be repaired when cells are returned to normal temperatures. In contrast, hsp104 mutations have a dramatic and specific effect [1] : mRNA splicing is disrupted by heat to the same extent in both wildtype and hsp 104 mutant cells, but once splicing has been disrupted, it recovers much more rapidly in wild-type cells than in hsp104 mutants. In this report, we demonstrate that Hsp104 promotes the repair of heat-damaged mRNA splicing both in vivo and in vitro. We also report a slight detrimental effect of hsp70 mutations on splicing in vivo, and demonstrate that Hsp70 also helps to repair splicing in vitro. Its role, however, appears to be distinct from that of HsplO4.
Results

Hspl04 repairs heat-disrupted splicing in vivo
To monitor the effects of heat shock on mRNA splicing in yeast, we analyzed transcripts of the actin gene ACT1, which contains a single intervening sequence [14] . To avoid any secondary effects of high temperatures on viability, splicing was analyzed under heatshock conditions where both wild-type and hsp 104 cells retained full viability.
When wild-type and hsp104 cells were grown at 25 °C and shifted to 41.5 C for one hour, newly synthesized actin mRNAs accumulated as unspliced precursors in both wild-type and mutant cells. At the same time, the pre-existing pool of mature actin mRNA was depleted, consistent with the short half-life of yeast mRNAs (Fig. 1) . When wild-type cells were returned to 25 C, splicing recovered very rapidly (Fig. la) . Within 20 minutes, precursor concentrations had precipitously declined and mature mRNA concentrations had sharply increased. In contrast, splicing recovered very slowly in hsp104 mutant cells (Fig. lb) . A significant quantity of mature mRNA could not be detected in the hsp104 mutant until 80 minutes after the cells were returned to 25 C. Although the recovery of splicing was impaired by the hsp 104 mutation, transcription was not. Thus, the effect of hspl04 mutations on the recovery of splicing is specific, and not a general effect of heat toxicity on all vital processes.
The difference in the rate at which splicing is restored in wild-type and hsp104 mutant cells was highly reproducible. The extent to which splicing was disrupted, and the rate of repair, varied with the genetic background of RESEARCH PAPER 307 the strains and with the temperature of the heat-shock (41-43 °C). In each of many different experiments, however, splicing was disrupted to the same extent in wild-type and hsp 104 mutant cells but was repaired much more slowly in the mutant cells (data not shown).
We have previously reported that mild, conditioning, heat treatments protect splicing from disruption at high temperatures, but that HSP104 is not required for this protection [1] . Hsp104 may, nevertheless, be capable of providing protection. To investigate this possibility, Hsp104 was expressed from the strong constitutive glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter in an hsp104 mutant background, and the cells were shifted directly to the high temperature (41.5 C). Constitutive Hsp104 expression did not protect splicing from disruption by heat shock (Fig. c) . The constitutively expressed protein was functional, however, because it promoted the rapid recovery of splicing upon return to 25 C. Thus, the primary role of Hspl04 in ameliorating the toxic effects of heat on RNA splicing is to promote the recovery of splicing once it has been disrupted, rather than to prevent it from being disrupted.
in 120 minutes (Fig. 2b) . Thus, although other proteins synthesized during and after the heat treatment may contribute to the speed of recovery, pre-induction of Hspl04 alone appears to be sufficient to restore splicing after heat shock.
A possible caveat to this interpretation is that the constitutive expression of Hsp104 might increase the constitutive expression of other repair factors, other heatshock proteins, for example. In this case, the inability of cycloheximide to block repair might not be due to the constitutive expression of HsplO4 alone, but to the increased constitutive expression of these other factors. When total cellular proteins isolated from cells that To ensure that the recovery of splicing promoted by HsplO4 was directly related to its biochemical function in the cell, the wild-type HSP104 coding sequence in the GPD-expression plasmid was replaced with that of the hspl04K2 1 8T mutant. The protein encoded by this mutant gene carries a single amino-acid substitution in the first nucleotide-binding consensus element, replacing the lysine at residue 218 with threonine. This mutation eliminates the ATPase activity of the protein in vitro, and also its capacity to provide thermotolerance in vivo, but does not affect its general structural properties ( [15, 16] ; D.A.P. and S.L., unpublished observations). As seen in Figure ld , the hsp10 4 K218T mutation completely eliminates the capacity of the protein to promote the recovery of splicing.
We next asked whether other inducible factors play a role in the recovery of splicing. We have previously reported that when cycloheximide was administered just before a sudden, intense heat shock, splicing was not restored during recovery [1] , thus suggesting that protein synthesis is required to restore splicing in heatshocked yeast. As very little HsplO4 is present before heat shock, the requirement for protein synthesis could simply reflect a requirement for HsplO4. Alternatively, spliceosome factors damaged by the high temperatures might have to be synthesized de novo after heat shock, or increased expression of other heat-shock proteins may be required. To distinguish between these possibilities, wild-type cells and cells that constitutively expressed either HsplO4 or Hsp104K2 1 8T were treated with cycloheximide just prior to heat shock. In wildtype cells, or cells expressing the mutant Hsp104 protein, no recovery was observed throughout the course of the experiment (Figs 2a and 2c ). However, in cells constitutively expressing Hsp104, recovery was nearly complete T from the GPD promoter.
Hsp104 and Hsp70 reactivate mRNA splicing Vogel et al. constitutively express Hsp104 were compared with those of wild-type cells on high-resolution two-dimensional gels, no differences could be detected between them, except in the expression of Hspl04 itself (data not shown; for similar high-resolution gels demonstrating that hsp 104 mutations do not affect the expression of other proteins, see [9, 17] ). Moreover, immunological analysis of these samples with antibodies directed against Hsp82, Hsp70 or Hsp26 demonstrated that constitutive expression of HsplO04 did not induce the expression of these other heat-shock proteins (Fig. 3) . Thus, the ability of constitutively expressed Hsp104 to promote the repair of splicing is likely to be a direct manifestation of Hspl04 function.
Hsp70 also plays a role in the repair of heat-disrupted splicing S. cerevisiae expresses eight Hsp70 proteins that have been divided into four subfamilies [18] . The Ssa subfamily contains four members and includes the three heatinducible Hsp70 proteins that are expressed in the nuclear/cytosolic compartment -Ssal, Ssa3 and Ssa4. When cells carrying mutations in the SSA1, SSA3 and SSA4 genes were heat treated at 41.5 C, splicing recovered more slowly than in wild-type cells (Fig. 4) . The delay in splicing recovery was not as dramatic as that observed in hspl104 cells (Fig. 1 ), but it was reproducible. The subtlety of the defect in these cells might indicate that Hsp70 proteins are of lesser importance than Hsp104 in restoring splicing, or that the abundantly expressed constitutive member of the Ssa subfamily, Ssa2, also promotes recovery. It was not possible to distinguish between these alternatives because at least one member of the Ssa subfamily must be expressed in order to maintain cell viability, even at 25 C. Again, it was not possible to determine whether prior expression of Hsp70 can protect splicing from disruption, because over-expression of Hsp70 reduces growth rates and has dramatic effects on the expression of other heat-shock proteins [19] .
Hsp104 and Hsp70 can repair heat-damaged splicing in vitro
In order to analyze further the roles of Hsp104 and Hsp7O in the recovery of splicing, we examined their capacity to restore splicing in heat-damaged cell extracts. Splicing extracts prepared from wild-type cells produced variable results in such experiments, in part due to the induction of heat-shock proteins during extract preparation (see Materials and methods). Splicing extracts prepared from a strain in which the heat-inducible HSP70 genes and HSP104 are not present (an ssal ssa3 ssa4 hsp104 quadruple mutant) gave much more reproducible results. These cells grow as well as wild-type cells at 25 C, and all extracts were prepared from log-phase cells grown at this temperature.
Extracts prepared from the quadruple mutant were very efficient in splicing the intervening sequence from an actin pre-mRNA substrate (Fig. 5, no heat) . When the extracts were heated briefly at 40 °C, and returned to room temperature (23 C) prior to the addition of substrate, their splicing capacity was severely reduced and much less mature product was generated (Fig. 5, 0 ±g Hsp104). Because heat treatments also inactivate nucleases, heat-treated lysates retained more radioactivity than control lysates and additional RNA species appeared that remain uncharacterized. Smearing, due to difficulties in fully deproteinizing samples after heat-induced aggregation, was another unavoidable effect of the treatments required to inactivate splicing.
To determine whether HsplO4 can restore splicing in these heat-damaged extracts, the protein was purified to Fig. 5 . Hspl 04 promotes the recovery of splicing in vitro in heatinactivated extracts. Splicing reactions were performed at 23 °C for 1 h. All reactions, except that shown in the first lane, were performed with extract that had been heated at 40 °C for 6.5 min. RNA substrate, buffer A and purified HsplO4 (or aldolase), as indicated, were added after heat inactivation of the extract. The positions of the intron plus exon 2, free intron, precursor, and spliced product are indicated.
homogeneity, as described previously [15] . The ability of the purified protein to hydrolyze ATP was assessed in order to demonstrate its functional integrity (D.A.P. and S.L., unpublished observations). When the protein was added to splicing extracts after heat treatment, the capacity of the extracts to splice precursor mRNAs was dramatically improved (Fig. 5) . Hspl04 had little effect on the bulk of RNA species present in the lysate, but it specifically increased the appearance of the properly spliced product. The efficiency of splicing, judged by the appearance of mature product, varied with the quantity of HsplO4 added, until maximal activity was achieved at 0.5-1.0 ltg Hspl04 (in a reaction containing 42 Lg total protein).
To investigate the specificity of Hsp104 in the restoration of splicing, several other proteins were assayed. Aldolase (Figs 5, 6 and 9) and BSA (data not shown), at a variety Fig. 9 ). In addition to demonstrating the specificity of HsplO4 function in this assay, this result suggests that the ATPase activity of the protein is required to promote the restoration of splicing.
Similar experiments were performed with purified Hsp70 proteins. As shown in Figure 6 , Hsp70 also exhibited a capacity to restore splicing in heat-damaged extracts. Again, the recovery of splicing increased with the concentration of protein added until maximal activity was reached, in this case at -5 pg of protein per reaction.
A large number of similar experiments were performed with different extract preparations and with various conditions for heat inactivation. As expected from the fact that heat shock affects more than one step in the splicing pathway [3, [20] [21] [22] , the relative accumulation of different splicing intermediates varied somewhat from experiment to experiment. The level of recovery also varied, depending, in large part, upon the severity of the heat treatment. However, both Hsp104 and Hsp70 consistently exhibited a capacity to promote splicing in heatdamaged extracts, unless the extracts had been heated at too high a temperature or for too long a period. Neither protein had an affect on splicing in unheated extracts.
Thus, Hsp104 and Hsp70 do not supply a novel splicing activity to the lysates, but rather repair the damage induced by heat, as long as that damage is not too severe.
Next, the time-course of splicing in unheated extracts was compared to that in heated extracts (Fig. 7) . As described previously [23] , in unheated yeast extracts, splicing reaches near maximal levels within 20 minutes of substrate addition ( Fig. 7; 20 min, no heat lane). No splicing was detected in heated extracts at this time ( Fig. 7; 20 min) , whether heat-shock proteins had been added or not. After 40 minutes, splicing was partially restored, and maximal recovery was attained at -60 minutes. Similar results were obtained when heat-shock proteins were pre-incubated with the heated extract before addition of substrate. The time-course results suggest that the low level of residual splicing in control experiments with buffer alone (Figs 5-7 and 9) is probably due to a low level of repair activity in the extract, rather than to incomplete inactivation, as no splicing was detected at the 20 minute time-point. A likely candidate for this residual repair activity is the constitutively expressed Hsp70, Ssa2. When extracts were heated to the point where absolutely no splicing was obtained with buffer alone, splicing could not be restored by the addition of HsplO4 or Hsp70 (data not shown). Presumably, when splicing is inactivated to the point where endogenous factors are completely unable to effect recovery, the damage is irreparable.
Hsp104 and Hsp70 are more effective in repair than in protection
To determine whether HsplO4 and Hsp70 can protect splicing from disruption in vitro, the proteins were added to extracts before heat treatment. Both proteins were completely ineffective in preventing the reduction of splicing activity (Fig. 8) , as judged by the complete absence of spliced products 20 minutes after substrate addition. Similar results were obtained with a variety of heat treatments and different extract preparations. The added proteins must have retained at least partial function during the heat treatment, because they promoted some recovery during subsequent incubations at room temperature ( Fig. 8 and data not shown) . However, in such experiments, splicing efficiency never recovered to the same extent as when the proteins were added after the heat treatment (compare Figs 7 and 8; 40 min lanes), this being especially true for Hsp104. Whether the ineffectiveness of the heat-shock proteins in providing protection was due to their partial heat inactivation, their recruitment to other damaged components, or to some other effect is unclear. In any case, the primary role of the heat-shock proteins in this assay is not to prevent heat-induced damage, but rather to repair such damage once it has occurred. Hspl04 and Hsp70 together are more effective at repairing splicing than either protein alone Although a much higher concentration of Hsp70 than Hsp104 was required to achieve maximal levels of recovery, the level attained with Hsp70 was often somewhat higher than the level obtained with Hsp104 (Figs 6 and 7). To investigate further the relationship between the two proteins in splicing repair, they were mixed at various concentrations and added to heat-treated lysates. Levels of spliced product were determined by densitometry.
Higher levels of splicing recovery were obtained with a mixture of the two proteins than with either protein alone. In fact, even when Hsp70 was present in the mixture at a suboptimal concentration, recovery with the two proteins was greater than could be obtained with either of the individual proteins at its optimal concentration. For example, in Figure 9 , 1 pg of Hsp104 restored splicing to -35 % of the level observed in unheated controls, 1 g of Hsp70 restored it to -25 %, and the two proteins together, each at 1 jig, restored it to -70 %. Because of the complexity of the components and the absence of information about rate-limiting steps, it was not possible to determine from such experiments whether the two proteins acted additively or synergistically. These results, however, strongly support previous genetic arguments that HsplO4 and Hsp70 have different but related functions in stress tolerance.
Discussion
Fig. 8. Hsp70 and Hsp104 cannot prevent the disruption of splicing in vitro.
Splicing reactions were performed at 23 °C as described in the legend of Fig. 5 , for the times indicated. All reactions, except those shown in the first lanes of each set, were performed with extracts that had been heated at 41 C for 4.5 min. Buffer A, Hsp70 (5 Iug) or Hspl04 (1 pLg) were added to the reactions prior to heating the extract and RNA substrate was added subsequently.
This work provides the first demonstration that specific heat-shock proteins act to repair a natural process that is known to be particularly sensitive to heat in vivo. RNA processing is sensitive to heat in a wide variety of organisms, including protozoa, insects, mammals, and fungi. Given the evolutionary conservation of the Hsp70 and HsplOO proteins (HsplO4 is a member of the Hsp1OO family), it seems likely that they play similar roles in other organisms. Indeed, we expect that the Hspl04 and Hsp70 repair functions operate on many different heatsensitive processes in vivo. We have examined their roles in the restoration of splicing, because splicing is a vital process with relevance to stress tolerance and because earlier work had defined conditions in vivo and in tvtro required for its investigation. 5, 1 or 5 g ), or Hsp104 (0.5 or 1 pg) were added to the reactions after heat inactivation of the extract.
Although Hsp104 was previously known to serve a vital role in helping yeast cells survive extreme conditions, its biological functions have been unclear. Although mild heat pretreatments protect RNA splicing from disruption, HsplO4 seems to play no role in this protection. Rather, the function of Hsp104 is to promote the restoration of splicing after it has been disrupted by a sudden shift to high temperature. The results of analyses in vivo and in vitro are completely complementary. Constitutively expressed Hsp104 promotes the recovery of splicing in whole cells, even when the synthesis of other proteins is blocked. Furthermore, the purified protein can restore splicing in extracts that have been inactivated by heat in vitro. We have also demonstrated a role for Hsp70 in the recovery process. In a strain carrying mutations in the heat-inducible HSP70 genes of the Ssa subfamily, the recovery of splicing is delayed slightly relative to wild-type cells. More convincingly, purified Hsp70 has a dramatic effect on the recovery of splicing in heat-inactivated extracts.
Previous work with mammalian cells and cell-free extracts had suggested that the lesions induced in the splicing machinery by heat-treatments in vivo might, in some cases, be different from those induced in vitro [3, [20] [21] [22] .
With a process as complex as RNA splicing, the damaged components that become rate-limiting may well vary with conditions. In any case, our results indicate that the general nature of the damage -presumably protein denaturation, misfolding or misassembly -is sufficiently similar in vivo and in vitro for the same repair systems to be operating. We note that proteins of 100 and 70 kD were previously isolated in an attempt to identify mammalian splicing factors through their capacity to complement a defect in a heat-treated extract [20] . It is tempting to speculate that the purified components were mammalian homologs of Hspl04 and Hsp70, which acted to repair damage in the extract rather than simply to complement the damaged function.
The functions of the Hsp70 family of proteins have been extensively studied in other systems. These chaperone proteins are involved in a variety of protein folding and translocation processes, in which they stabilize their substrates in unfolded conformations and release them in an ATP-dependent reaction (for recent reviews, see [24] ). They also participate in a variety of disassembly pathways, in which they promote the dissociation of proteins in oligomeric complexes: for example, RepA dimers [25] , P-DnaB complexes [26] and clathrin-triskelion cages [27] . The role of Hsp70 in repairing heat-damaged proteins has been investigated in two cases: DnaK, an Escherichia coli Hsp70 homolog, prevents the heatinduced aggregation of RNA polymerase in vitro and disaggregates previously aggregated polymerase [28, 29] -these aggregates may represent higher-order oligomers that are formed by core polymerase when sigma factor dissociates from the holoenzyme in low salt buffer [30] . More recent work makes it seem unlikely that Hsp70 or its homologs can renature truly aggregated heat-denatured substrates. DnaK is incapable of resolubilizing and reactivating previously aggregated luciferase [31] . DnaJ must be present during the heat treatment in order to capture the denaturing protein and maintain it in a soluble form that is competent for reactivation by DnaK.
The way in which Hsp70 functions in the restoration of splicing is unknown. It might act to dissociate higherorder oligomers, or to reactivate substrates that have been captured by eukaryotic analogues of DnaJ present in the extracts. In any case, its function seems distinct from that of Hspl04. In repairing damage to the splicing machinery, the two proteins together are able to effect a higher level of repair than can be achieved with either protein alone at its optimal concentration. Moreover, the functions of an E. coli relative of Hsp 104, ClpA, have recently been compared with those of DnaK in certain chaperone assays in vitro [32] . In promoting the dissociation of RepA dimers, DnaK and DnaJ, working together, accomplished the same function as ClpA alone. In reactivating heat-denatured luciferase, however, the functions of ClpA were distinct from those of DnaK-DnaJ-GrpE. A difference in the function of Hsp70 and Hsp104 is also supported by genetic evidence, as the phenotypes of hsp70 and hsp104 mutants are very distinct: hsp70 mutations impair growth at high temperatures but do not impair survival after a sudden, severe heat shock, whereas hsp104 mutations have no effect on growth but greatly reduce survival after severe heat shock [9] .
The role of HsplO4 in repairing splicing is likely to be related to its function in helping cells cope with general heat toxicity. We have recently investigated this function by other methods [33] . Firstly, we analyzed heat-induced damage in hsp 104 mutant and wild-type cells under the electron microscope. Both cell types accumulate large aggregates in the nucleus and cytoplasm during a sublethal heat shock. After return to normal temperatures, these aggregates dissolve in wild-type cells, but not in the mutant. Secondly, we employed a temperature-sensitive bacterial luciferase as a test substrate to follow the fate of a specific heat-damaged protein in vivo. Luciferase is inactivated and aggregated during heat-shock to a similar extent in mutant and wild-type cells. After return to normal temperatures, the protein is not proteolysed but is retained at the same level in mutant and wild-type cells. However, in wild-type cells it is resolubilized and reactivated, whereas in hsp104 mutant cells it remains insoluble and inactive. Thus, the function of HsplO4 in these assays is neither to prevent the inactivation and aggregation of heat-damaged proteins nor, as suggested previously [34] [35] [36] , to remove damaged proteins through proteolysis, but rather to promote the disaggregation and reactivation of previously damaged substrates.
Conclusions
The work in the present study extends our previous observations with cell aggregates and heterologous enzymes to a specific biological process that is known to be particularly sensitive to heat. Both in vivo and in vitro, the function of Hsp104 is not to protect splicing from disruption, but to repair it once it has been disrupted. As novel and surprising as such a function may be, it is consistent with the biological role of Hspl04 in stress tolerance. The protein is not required for growth, even at the highest temperatures at which yeast cells are able to grow. It does, however, play a crucial role in the restoration of growth after exposure to extreme conditions [9] . Apparently, under such circumstances, cells do not simply rely upon mechanisms that prevent damage: the repair of damage that has already occurred becomes a key to survival.
Materials and methods
Yeast strains, transformations, and culture media
All strains used in this study are isogenic derivatives of S. cerevisiae strain SL303 ( [9] and Table 1 ). Cells were transformed by electroporation using the Bio-Rad Gene Pulser according to the manufacturer's instructions. Cells were grown in either rich (YPDA) or minimal (SD) glucose media [37] , depending upon whether selection was required to maintain expression plasmids.
Strain and plasmid construction
Strain SL304B was created by transforming SL303 with the PvuI-HindIII fragment from pYSL5, containing a LEU2 disruption of HSP104 [7] . Leucine prototrophs were selected and the success of the hsp104 disruption was confirmed by western immunoblot analysis.
Plasmid p2HG104 was constructed by Y. Sanchez by inserting the 3.1 kb BamHI fragment containing HSP104 coding sequences from pYSGallO4 [38] into the BamHI site of p2HG [39] , placing the HSP104.coding sequence under the control of the constitutively expressed glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter. The mutant gene hsp 104 K218T [15] was cloned in p2HG in the same manner to create p2HG(KT218). SL304B was transformed with these plasmids to create the strains JV121 and JV131, respectively. SL304B was also transformed with the vector pRS423 (P. Heiter) create strainJV120.
Plasmid pJV512, was created by cloning the 544 bp AluI fragment from pActl [14] in the SmaI site of pVZ1 [40] . This plasmid contains the actin intron plus surrounding exon sequences (base pairs 609-1153) and was used both to generate probes for northern blot analysis and RNA substrates for in vitro splicing reactions. Plasmid pVZact3' was created by Hspl 04 and Hsp70 reactivate mRNA splicing Vogel et al.
proteins (a gift from E. Craig). Immune complexes were visualized by reaction with protein A-conjugated horseradish peroxidase (Boehringer Mannheim) and incubation with the ECL (enhanced chemiluminescent) reagent from Amersham according to the manufacturer's instructions.
In vivo RNA analysis
Cultures were grown in YPDA or SD media with vigorous aeration at 25 C to a density of 5-10 x 106 cells ml-. Heatshock treatments were performed by incubating cells at 41.5 C for 1 h in prewarmed flasks with vigorous aeration. The flasks were returned to 25 C for recovery. Protein synthesis was inhibited by the addition of cycloheximide (10 pIg ml-1) 5 min before the heat treatment, as indicated. Cells were pelleted and stored at -80 °C until the time-course was complete. Total cellular RNAs were prepared by the hot phenol method [44] and quantitated by UV spectroscopy. RNAs (5 .Lg per lane) were separated by electrophoresis on a 0.9 % formaldehyde gel [45] and transferred to Hybond N paper (Amersham) using a Stratagene pressure blotter. Actin RNAs were visualized by hybridization with radiolabelled probes generated from both pJV512 and pVZact3' by random priming with T7 polymerase (T7 QuickPrime Kit, Pharmacia) and [-32 P]dCTP (-3000 Ci mmol-1, Amersham). Unincorporated nucleotides were removed with NucTrap Purification Columns (Stratagene) according to the manufacturer's instructions. Hybridizations were performed in 50 mM PIPES, 100 mM NaC1, 50 mM sodium phosphate, 400 mM EDTA, and 5 % SDS [46] at 55 C for at least 15 h. Filters were washed twice for 30 min in 1 x SSC, 10 % SDS at 55 C and exposed to Kodak XAR-5 film.
cloning the 512bp Bcll-Kpnl fragment from pActl(bp 1189-2402) into pVZ1 digested with BamHI and KpnI and was used as a probe for northern blot analysis. SL308 was generated by integrative transformation of SL303 with the PvuII-BamHI fragment of SSA3-TRP(P)B [10] , which contains a TRP1 insertion in SSA3. Similarly, SL309 was created by transforming SL303 with a HindIII fragment of SSA4H (a gift from E. Craig), which contains a LYS2 insertion in SSA4. The success of the insertions was confirmed by Southern blot analysis [41] . SL308 (ssa3::TRP1) was mated to SL309 (ssa4::LYS2) and the strain SL318 (ssa3::TRP1 ssa4::LYS2) was selected from meiotic progeny [37] . Similarly SL318 was mated to SL311 (ssal::HIS3 hsplO4::URA3 [9] 
Protein extraction and immunological analysis
Cells were grown at 25 °C in SD media to a density of-2 x 106 cells ml-1. Cells were either harvested immediately or incubated at 37 C for 45 min. Total cellular proteins were extracted by glass bead lysis in ethanol [42] . Proteins were separated by electrophoresis on 10 % or 7.5 % SDS-polyacrylamide gels, and either stained with Coomassie blue or electrophoretically transferred to an Immobilon (Millipore) membrane. Immobilon blots were reacted with antisera specific for Hsp82/Hsc82 [8] , Hsp26 [43] or the Ssa subfamily of Hsp70
Protein purification
HsplO4 and the Hsp104K2 18 T proteins were purified to apparent homogeneity as described [15] and stored at a concentration of 0.5 mg ml -and 0.8 mg ml-1, respectively, in buffer A (50 mM Tris, pH 7.5, 2 mM EDTA, 10 mM MgC1 2 , 1 mM phenylmethylsulfonyl fluoride, 1.4 mM -mercaptoethanol, 20 mM KCI and 10 % glycerol) at -80 C.
Hsp70 was purified from the proteolytically-deficient strain BJ5457 (MATa( ura3-52 trpl leu2A1 his3A200 pep4::HIS3 prbA 1. 6R can 1) by ATP-agarose chromatography [47] and was stored at 8.3 mg mll-in buffer A at -80 °C before use. Hsp70 purified by ATP-agarose chromatography was -80 % pure. The preparation included all members of the family, although analysis of the stained material in SDS-polyacrylamide gels indicated that the Ssa and Ssb proteins were the most heavily represented. Similar results were obtained when Hsp70 was further purified by phenyl-sepharose chromatography ( [48] and data not shown).
In vitro splicing
Splicing extracts were made from cultures grown at 25 C to a density of -5 x 107 cells ml-using the midiextract protocol described by Liao [49] . Extracts (10-15 mg protein ml-1) were stored in 20 mM Hepes-KOH, 0.2 mM EDTA, 0.5 mM DTT, 50 mM KCI, 20 % glycerol [50] at -80 0 C before use. It has recently been reported [51] that heat-shock proteins are induced by zymolyase treatment which constitutes one step in the preparation of splicing extracts. Extracts were heat inactivated by placing a 1.7 ml eppendorf tube containing 4 .l extract in a 40 or 41 C water bath for 3-10 min. Different extracts required different heat treatments to achieve the same level of inactivation of splicing. Extracts were heat-inactivated alone, in the presence of 3 pl1 buffer A, or 3 p.l purified proteins (in buffer A) as indicated. Unheated controls also contained 3 .l buffer A and were incubated for 3 to 10 min at room temperature. Each reaction in a group of experiments contained an equal quantity of starting template.
The actin substrate employed to monitor splicing activity was synthesized in vitro from pJV512 linearized with EcoRI using T3 RNA polymerase and [ot-
32 P]UTP (-800 Ci mmol-1, Amersham). The full length template (550 nucleotides, comprised of the 309 nucleotide intron, 75 nucleotides from exon 1, and 165 nucleotides from exon 2) was purified by electrophoresis through a 5 % polyacrylamide-8 M urea gel (29:1 acrylamide:bisacrylamide). This substrate has been used by others in splicing reactions, and the intermediates and products have been defined [23, 50] . RNA standards on splicing gels were used to confirm the identity of the previously characterized intermediates. Labelled RNA was eluted at 37 C for 2 h in 100 mM Tris, pH 7.5, 12.5 mM EDTA, 150 mM NaC1, 1 % SDS, and 10 pg m1-1 tRNA. The RNA was precipitated and resuspended in sterile water.
Each 10 pl splicing reaction [50] contained 4 .l extract, 1 pl 10-fold concentrated splice buffer (600 mM KPO 4 , pH 7.0, 30 mM MgC1 2 , 20 mM ATP, 10 mM spermidine), 1 l1 30 % PEG-8000, 1 Il1 template (10 000 cpm) and 3 pl of buffer A or protein (Hsp104, Hsp70, aldolase, catalase or BSA) in Buffer A. Reactions were performed at room temperature (20-24 C) and were terminated by the addition of an equal volume of proteinase K (0.2 mg ml -in 100 mM Tris, pH 7.0, 1 % SDS). After 1 h at 37 C, RNAs were precipitated with ethanol, resuspended in loading buffer (98 % deionized formamide, 10 mM EDTA, 0.025 % xylene cyanol FF and 0.025 % bromophenol blue) and separated on 7.5 % polyacrylamide-8 M urea gels. The gels were dried and exposed to Kodak XAR-5 film for 20 h with two intensifying screens at -80 C. Reaction products were quantified with a Molecular Dynamics densitometer.
